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Objective: This study analyzes the anatomic structure of the mitral and tricuspid
annuli, their relationship with the coronary arteries and veins, and how this anatomic
distribution may affect atrial ablation with bipolar radiofrequency clamps, the only
technology that ensures transmurality.
Methods: Nine explanted fresh human hearts were studied, two of them with left cor-
onary dominance. Two types of bipolar radiofrequency clamps were positioned to
reach the mitral and tricuspid annuli, and relationships within the atrioventricular
junction were analyzed, including coronary sinus and coronary arteries.
Results: In all hearts studied, the coronary arteries and veins within the adipose tissue
of the right or left atrioventricular groove lay in the atrial side, 3 to 18 mm away from
the mitral or tricuspid annuli. When the bipolar radiofrequency clamp was closed to-
ward the mitral annulus, the coronary sinus was always included between the jaws,
and in left coronary–dominant hearts, the circumflex artery was also included. Nev-
ertheless, the clamp never reached the annulus owing to the increase in thickness of
the adipose tissue around the groove and the ventricular mass, leaving 5 to 10 mm
of atrial myocardium free from the radiofrequency electrodes. In the right atrium,
clamp placement toward the tricuspid annulus excluding the right coronary left 8 to
18 mm of atrial muscle free from the bipolar electrodes.
Conclusions: Bipolar radiofrequency clamps are not sufficient to complete a Cox
maze IV procedure. Moreover, they may compromise coronary arteries in patients
with left coronary dominance. Lines to the atrioventricular annuli need to be com-
pleted with the cut-and-sew technique or with alternative monopolar energy devices.
T
he introduction by Dr James Cox in 1991 of the cut-and-sew maze III opera-
tion set the gold standard in atrial fibrillation (AF) therapy, with over 90% cure
at long follow-up.1 It was based in the theory of multiple re-entrant circuits that
needed to be interrupted by conduction block lines, redirecting the electrical impulse
into no-exit paths. Despite later knowledge that most of the triggering zones in AF are
focused in or around the pulmonary veins2 and that isolation of these zones can erad-
icate paroxysmal AF, pulmonary vein isolation alone has shown poor results in pa-
tients with persistent or long-standing persistent AF.3 Possibly, these patients have
additional structural factors resulting from atrial fibrosis and dilatation that may estab-
lish permanent macro re-entrant circuits overriding the importance of triggering foci
within the pulmonary veins.
Despite the efficacy of the Cox maze III operation, the surgical complexity of the
procedure has limited its use and few long series have been reported. Recent introduc-
tion of alternative energy devices that can create thermal lesions in a relatively short
time and avoid long atrial sutures has impulsed this operation again, with similar con-
duction block lines as described by Dr James Cox, termed now as the Cox maze IV
procedure (Figure 1).
Several alternative energies have been proposed to manage AF. From them, bipolar
radiofrequency has been shown to have some advantages. Applied through a 5- to
7-cm clamp, in a short period of seconds it creates a linear lesion. The tissue ablated
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is only that which is included between the jaws of the clamp,
so that no possible esophageal or coronary lesion can be pro-
duced if correctly applied. Most important, only radiofre-
quency applied between two gold-plated electrodes has the
capability of ensuring transmurality, by measurements of
fall of tissue conductance.
A recent report has suggested inferior efficacy of the Cox
maze operation when performed with bipolar radiofrequency
than with the cut-and-sew technique.4 In this study, bipolar
ablation was combined with cryolesions to complete the lines
toward the mitral and the tricuspid valve annuli, and lack of
transmurality arose as a possible factor determining results.
The possibility of reproducing the pattern of lesions of the
cut-and-sew maze III with total bipolar radiofrequency may
mimic the efficacy of Cox’s operation. Our study tried to clar-
ify whether application of bipolar radiofrequency is feasible
in the most controversial lines, connecting the mitral and the
tricuspid valve annuli.
Material and Methods
The anatomic study was performed in 8 fresh human hearts from our
homograft donor bank (Transplant Services Foundation, Hospital
Clı´nic, Barcelona, Spain) after donor in-life signed consent or donor
family’s signed authorization and the approval of the Research Com-
mittee of the Transplant Services Foundation. Hearts studied were
harvested from 6 men and 2 women, age range 25 to 65 years. Studies
were performed within 36 hours from donor extraction and after har-
vesting both the aortic and pulmonary root homografts. Six hearts pre-
sented right coronary dominance and two left coronary dominance,
which allowed us to study the relationships of the circumflex artery
and the mitral annulus, as seen in Figure 2. Distances between the
right coronary and tricuspid annulus were also studied in all hearts.
Two bipolar radiofrequency clamps were tested in their position
to reach the mitral and tricuspid annuli. Those were the Cardioblate
(Medtronic, Inc, Minneapolis, Minn) and AtriCure (AtriCure, Inc,
Cincinnati, Ohio) radiofrequency systems. The studies on the mitral
annulus were positioning the clamps to include the posterior wall of
the left atrium from a standard left atriotomy through the Waterston
groove expanding under the inferior vena cava, toward the posterior
leaflet of the mitral valve at the level of P2 and P3, as presented in
Figure 1, C. In the tricuspid annulus, we studied the relationships
with the right coronary at the level of the anterior leaflet close to
the anteroposterior commissure, positioning the clamps from a trans-
verse right atriotomy, as seen in Figure 1, B.
We also studied a necropsy heart of a male patient 72 years of age
with a history of aortic stenosis and long-standing persistent AF (left
atrial diameter 51 mm). Preoperative coronary arteriography
showed right dominance. The patient died 10 hours after an aortic
valve replacement and Cox maze IV procedure by bipolar radiofre-
quency (AtriCure), following the lesion pattern of Figure 1, A, B,420 The Journal of Thoracic and Cardiovascular Surgery c Auand C as we routinely perform for persistent and long-standing per-
sistent AF. The cause of death was not related to the ablation but to
sudden bleeding from a very calcified aortotomy after a hypertensive
peak at the sixth hour after the operation. After the family signed au-
thorization, a complete necropsy study was performed 8 hours after
death. Hematoxylin and eosin staining and complement C9 immu-
nostaining were performed on the ablation lines of the left and right
atria. C9 staining has been attributed as one of the earliest and most
sensitive markers of necrosis, being able to detect myocardial necro-
sis 4 to 6 hours after infarction.5
Results
Left Atrium
The adipose tissue on the epicardial side of the atrioventric-
ular (AV) junction covers mostly the atrial side of the groove.
In all hearts the coronary sinus lay in the epicardial side of the
left atrium, being 3 to 10 mm away from the mitral annulus.
In the 2 hearts studied with left coronary dominance, the cir-
cumflex artery also lay in the epicardial side of the left atrium,
at distances to the mitral annulus that varied from 3 mm to
10 mm (Figure 2).
Both Medtronic and AtriCure bipolar clamps were able to
be placed in the direction of the mitral annulus. In all cases,
what limited how far the clamp could be positioned was
the unfeasibility of clamping the ventricular myocardium
and the AV adipose tissue that protrudes in the epicardial
side. At all times, the maximum amount of atrial tissue
clamped was limited by the tip of the epicardial jaw reaching
the ventricular myocardial mass. However, the clamp never
reached the mitral annulus (Figure 3), leaving from 5 to 10 mm
of atrial muscle out of reach of the bipolar electrodes. This
did not limit the device to include the coronary sinus within
its jaws in all hearts. Most important, in both hearts in which
a left coronary dominance was detected, the circumflex artery
was within the bipolar jaws of the clamp.
Right Atrium
The epicardial side of the tricuspid annulus is covered by ad-
ipose tissue that expands to cover the first millimeters of both
atrial and ventricular walls. In all hearts studied, both the right
coronary artery and vein were in the atrial side of the AV
groove and covered by fat. To reach the tricuspid valve annu-
lus at the level of the anterior leaflet with the bipolar radiofre-
quency clamp was feasible, but it always included both the
right coronary artery and vein. If the bipolar clamp was placed
up to the epicardial AV adipose tissue or up to the edge of the
right coronary artery when identified by dissection, the endo-
cardial jaw of the clamp never reached the tricuspid valve an-
nulus. The distance of atrial myocardium free from thermal
ablation, from the tip of the bipolar electrodes to the tricuspid
annulus, varied from 8 to 18 mm (Figure 4).
Postmortem Radiofrequency Ablation Study
Postmortem examination of the patient who died in the early
postoperative period after aortic valve replacement andgust 2008
Castell et al Evolving TechnologyFigure 1. Similar line patterns, different type of le-
sions: Images 1 to 3 show the lines described by
Cox in the cut-and-sew Cox maze III technique.
Images A, B, and C show the pattern for a Cox
maze IV, combining incisions and bipolar radiofre-
quency ablation (dotted lines). This lesion set was
performed in the ninth heart studied. LAA, Left
atrial aappendage; MV, mitral valve; CS, coronary
sinus.ETbiatrial radiofrequency ablation with an AtriCure bipolar
clamp confirmed the cause of death as a disruption of the aor-
tic continuity at the level of the aortotomy and not related to
the ablation procedure. Hematoxylin and eosin staining of the
ablation lines showed nonspecific signs of early ischemic
necrosis, with microscopic hemorrhage and degenerative
myocardial cells. However, complement C9 immunostaining
clearly showed transmural necrosis of the atrial wall (Fig-
ure 5). Lines to the mitral and tricuspid annuli did not reach
the fibrous tissue at the AV junction, where normal atrial
myocardial tissue was observed.
Discussion
Most of the success of the Cox maze operation is due to pul-
monary vein isolation, achieved by the circumferential lesion
enclosing all 4 pulmonary veins. Nevertheless, the so called
‘‘box lesion’’ alone is not as effective as the full Cox maze
pattern, and probably the most important line to increase
the effectiveness and to avoid left flutter is the connecting le-
sion to the mitral annulus.3-6 Moreover, several studies have
reported better efficacy when the right atrial ablation pattern
was added to the left when treating persistent and permanent
AF, indicating that connecting lines to the tricuspid valve an-
nulus may be important in this clinical setting.7The Journal of ThoTo really reproduce short- and long-term results of the cut-
and-sew Cox maze operation with alternative energy applica-
tion, one needs to assure transmural conduction block along
the complete set of lines. Bipolar radiofrequency has demon-
strated transmurality. However, our study including the two
systems with more references in medical literature shows
that it is not possible to complete the ablation lines to the
mitral or tricuspid valve annuli with actual bipolar radiofre-
quency technology. Completing the lines from the pulmo-
nary veins to the AV fibrous tissue still needs to be
performed by cut-and-sew technique or by any means of mo-
nopolar thermal lesion, either warm or cold, compromising
transmurality. At this moment, the combination of bipolar ra-
diofrequency to perform the ablation lines and cryolesions to
finish the lines up to the mitral and tricuspid annuli is proba-
bly the technique with best known results in Cox maze IV
procedures. Nevertheless, this technique has shown less effi-
cacy than the cut-and-sew Cox maze III.4 Newly introduced
monopolar or transpolar radiofrequency devices still need to
prove tissue transmurality and clinical efficacy. Not being
able to complete the mitral line may even be detrimental, in-
asmuch as incomplete lines with narrow paths favor left atrial
flutter.8 Electrophysiologic studies in patients with atrial flut-
ter after modified radiofrequency maze procedures haveFigure 2. Two examples of left dominant coronary
circulation. A, Inferior aspect of the heart, where
both the coronary sinus (with pick-ups inside) and
the circumflex artery run in the atrial side of the
atrioventricular junction. B, A heart with a domi-
nant circumflex artery (Cx) that it is been cut to-
gether with the coronary sinus (CS) to reach the
mitral annulus. MPL, Mitral posterior leaflet.racic and Cardiovascular Surgery c Volume 136, Number 2 421
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cuspid isthmus.9 It is important to remark that atrial flutter
is most of the time more symptomatic and worse tolerated
than long-standing persistent AF, and if the narrow atrial tis-
sue not successfully ablated lies beneath the Dacron annulus
of a newly implanted valve prosthesis, the possibilities that
postoperative flutter may be controlled in the electrophysio-
logy laboratory are not precisely high.
Our observations in this study are founded in basic ana-
tomy that we believe needs to be emphasized with the in-
crease of procedures based on new technologies. The left
atrial wall folds down internally over the crest of the left ven-
tricle for a variable distance. On the epicardial side, the adi-
pose tissue in the AV groove covers basically atrial wall,
and the structures that are embraced by this fat, the coronary
arteries and sinus, lie in the epicardial side of both the left and
right atria. This anatomic fact was already noted in the orig-
inal descriptions by Cox of his technique, which included the
use of a No. 15 blade knife into the epicardial fat through the
overlapping atrial muscle to reach the annulus. This fat pad
around the AV junction facilitates the progression in thick-
ness from a thin atrial wall to a thick ventricular wall, most
evident in the left side.
When applying the bipolar radiofrequency clamps in the
left atrium to reach the mitral annulus, we detected two poten-
tial problems. First, the change in thickness from the atrium to
the ventricle by the epicardial adipose tissue in the AV junc-
tion impeded closure of the clamp reaching the mitral annulus,
leaving 5 to 10 mm of atrial muscle out of reach of the thermal
Figure 4. The radiofrequency clamp is
positioned to reach the tricuspid annu-
lus. Limited by the right coronary artery
in the epicardial side (A), the endocar-
dial jaw of the clamp does not reach
the annulus (B). In a side view (C) the ar-
rows show the atrial myocardium from
the electrodes to the annulus that is
free from the thermal ablation. TAL, Tri-
cuspid anterior leaflet.
Figure 3. Radiofrequency bipolar clamp positioned to carry out
the ablation line from the left auriculotomy to the mitral annulus.
The clamp is placed as close as possible to reach the annulus at
the level of P2 of the posterior leaflet. The maximum level of posi-
tioning is dictated by the ventricular muscle mass that impedes
clamping further at the epicardial side. Nevertheless, the coronary
sinus (CS) is compromised within the clamp. The posterolateral
artery (PL) of the right coronary can be seen in its epicardial path.
Figure 5. Complement C9 immunostaining of the posterior wall of
the left atrium showing transmural necrosis approximately 8 hours
after ablation was performed (original magnification 320). Inset,
Zoomed view in the left inferior corner of a section of the same
picture (original magnification 3200).
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in which we could confirm normal myocardial tissue between
the ablation injury and the mitral annulus. Second, even if the
mitral annulus could not be reached, the coronary sinus and
the circumflex artery in the left coronary–dominant hearts
were included within the clamp, inasmuch as both structures
lie in the atrial side of the AV junction.
In the right side, the slim thickness of both the atrial and
free wall of the right ventricle allow closure of the clamp to
reach the tricuspid annulus. However, then it always includes
the midsection of the right coronary artery, inasmuch as this
artery also lies in the atrial side of the AV junction. If this
artery is to be avoided, the clamp is always unable to reach
the tricuspid annulus.
This study was performed in freshly dead human hearts,
and lesions were not actually performed. Therefore, we can-
not conclude whether application of bipolar radiofrequency
energy during a variable time between 5 to 15 seconds at
around 60C would irreversibly affect coronary circulation.
Several studies report coronary damage by endocardially ap-
plied unipolar radiofrequency ablation, including temporal
spasm by neurogenic or chemotactic (peptidergic) mecha-
nisms.10 Therefore, and as intuitively advanced, patients
with left coronary dominance may not be suitable candidates
for bipolar radiofrequency or any means of epicardially ap-
plied thermal lesions to perform the mitral line. This can
also be true in patients with important posterolateral branches
arising from the right coronary artery. Careful revision of
the preoperative coronary arteriogram is mandatory before
deciding the ablation pattern in each patient.
Bipolar radiofrequency ablation toward the mitral annulus
certainly produces a circumferential thermal ablation around
the coronary sinus. To our knowledge, there are no reports
of coronary sinus perforation or bleeding as a result of the ap-
plication of bipolar clamps. Whether the thermal lesion creates
a certain degree of stenosis is yet to be defined, as it has been
the case in the pulmonary veins when percutaneous monopo-
lar radiofrequency is endocardially applied with the circumfer-
ential Lasso catheter. Nevertheless, the multiple connections
of the cardiac venous system with the ventricular cavities
may limit the importance of possible coronary sinus stenosis.
In conclusion, current bipolar radiofrequency ablation
technology is not able to complete a Cox maze IV procedure.
A unipolar energy source, or ultimately the cut-and-sew tech-
nique, is needed to perform ablation lines reaching the mitralThe Journal of Thoor the tricuspid valve annuli. At this time, only the cut-and-
sew technique ensures total transmurality along the lesion
pattern of the Cox maze surgical procedure.
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